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SUMMARY 
The NASA-Lewis Research Center i s  p re sen t ly  engaged i n  an  
i n v e s t i g a t i o n  of the turbomachinery components of Brayton-cycle 
space power systems using so la r  o r  nuclear  energy a s  the hea t  
source and an i n e r t  gas a s  the working f l u i d .  Under Contract 
NAS3-2778, th ree  pieces  of hardware a r e  t o  be designed and 
developed. The hardware w i l l  be used by the NASA f o r  the 
Brayton-cycle i n v e s t i g a t i o n  and includes the  following: 
Compressor and Turbine Research Packages - The two re -  
search  packages each include a cold gas model of a high- 
performance r a d i a l  wheel and a s u i t a b l e  s e t  of running 
gear with o i l - lub r i ca t ed  bear ings .  
a r e  t o  be used t o  evaluate  component aerodynamic per for -  
mance. 
Both research  packages 
Gas Generator - This u n i t  combines the turb ine  and com- 
pressor  of the two research packages i n t o  a s i n g l e  ho t  
u n i t  with the running gear,  inc luding  gas - lub r i ca t ed  
bear ings.  The gas generator w i l l  be used t o  eva lua te  the  
Brayton-cycle turbomachinery i n  a complete system ground 
tes t loop. 
This r epor t  descr ibes  the s e l e c t i o n  of the  system design 
p o i n t  and the design, f ab r i ca t ion ,  i n spec t ion ,  and t e s t i n g  of 
t he  compressor research  package. The compressor design poin ts  
f o r  the research  package i s :  
Working f h i d  Argon 
Mass flow r a t e ,  m - lbs per sec .  0.621 
0 
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Compressor i n l e t  temperature, T i  - OR 52 0 
Compressor i n l e t  pressure,  P i  - p s i a  6.0 
Compressor pressure r a t i o ,  rc 2 *30  
Design opera t ing  cor rec ted  speed, N/&-rpm 37,900 
The research  package cons i s t s  of a 6-inch-diameter compressor 
wheel and s h a f t  mounted on b a l l  bear ings and t h e  a s soc ia t ed  
mounting hardware. 
Development t e s t i n g  of the compressor cons is ted  of 
running the  uncut development impel le r  with th ree  d i f f u s e r s - -  
a nominal d i f f u s e r ,  a negative 3-degree d i f f u s e r ,  and a posi-  
t i v e  3-degree d i f f u s e r .  After mapping wi th  the three  d i f f u s e r s ,  
the  impel le r  w a s  c u t  back and run wi th  the  nominal and the  
p o s i t i v e  3-degree d i f f u s e r s .  Af t e r  the f i n a l  impel ler  con- 
f i g u r a t i o n  was determined, acceptance t e s t i n g  of the shipping 
u n i t s  was accomplished. The f i r s t  shipping u n i t  was run f o r  
t h r e e  speed l i n e s  and the second shipping u n i t  was operated a t  
design speed f o r  1,2 hours.  
A t  t he  conclusion of the compressor research  package devel-  
opment two conclusions a r e  evident :  
( a )  
( b )  A t  the  design point,  t he  e f f i c i e n c y  can be a c c u r a t e l y  
A high-eff ic iency r a d i a l  compressor can be designed 
t o  opera te  on i n e r t  gas .  
p red ic ted  (predicted q = 0.798, t e s t  q = 0 . 8 0 ) .  
APS - 5 109 -R 
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DESIGN AND DEVELOPMENT OF A HIGH-PERFORMANCE 
BRAYTON-CYCLE COMPRESSOR RESEARCH PACKAGE 
1,O INTRODUCTION 
This r epor t  descr ibes  the design, f a b r i c a t i o n ,  inspec t ion ,  
and t e s t i n g  of a Brayton-cycle compressor research  package t h a t  
w i l l  be used t o  eva lua te  the aerodynamic performance of Brayton- 
cyc le  compressors 
low-Reynolds-number operation wi th  an i n e r t  gas used a s  the working 
f h i d .  With the r ecen t  development of Brayton-cycle space-power 
systems, h igh-ef f ic iency ,  low-Reynolds-number type turbomachinery 
has only r e c e n t l y  been required and, t he re fo re ,  no p r i o r  work on 
turbomachinery of t h i s  type h a s  been accomplished. 
The compressor was designed f o r  high,  e f f i c i e n c y ,  
The compressor research package c o n s i s t s  of a 6-inch-drameter 
r a d i a l  compressor wheel and s h a f t  mounted on b a l l  bear ings with 
the a s soc ia t ed  mounting hardware. Notable f e a t u r e s  of the com- 
p res so r  research package include the advanced aerodynamic design 
procedures and the u t i l i z a t i o n  of extremely t h i n  blade s e c t i o n s  
The same design goa ls  have been used i n  a 6-inch-diameter t u r -  
b ine  research  package developed f o r  NASA under the  same con t r ac t  
and a 3.2-inch-diameter compressor developed f o r  the A i r  Force 
[Contract AF33(657)-11721]. 
With the development of the  compressor research  package, 
the f e a s i b i l i t y  t o  design high-eff ic iency r a d i a l  compressors 
f o r  opera t ion  on i n e r t  gas has been proven, Test  r e s u l t s  on the 
compressor research  package when t e s t e d  on argon ind ica t ed  e f f i -  
c i e n c i e s  i n  excess of 0.81 t o t a l - t o -  total.. 
APS-5109 -R 
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2 e 0 SELECTION OF D E S I G N  CONDITIONS 
Figure 1 shows a schematic of the  NASA Brayton-cycle space 
power system, Contract NAS 3-2778 c a l l s  f o r  the development of 
the gas generator  package. a tu rb ine  research  t e s t  package, and 
a compressor research t e s t  package, wi th  the same turbomachinery 
used i n  the t e s t  packages a s  i n  the  gas generator.,  A s  s p e c i f i e d  
by the  con t r ac t ,  the  gas generator  and research t e s t  packages 
have iden t i ca l  design conditions when corrected mass-flow r a t e s  
a r e  compared, Table 1 presents  a summary of  the  design condi- 
t i ons  as spec i f i ed  by the c o n t r a c t .  In add i t ion  t o  the condi t ions 
l i s t e d  in  Table 1, the most important remaining system v a r i a b l e s  
i n c  1 ude: 
( a )  Recuperator e f f e c t i v e n e s s ,  ER 
( b )  Pressure lo s s  parameter,  rt/r,c 
( c )  Shaft  speed, N 
( d )  Compressor s p e c i f i c  speed, NS 
C 
As t h e  recuperator  e f f ec t iveness  i s  increased,  the  cyc le  
thermal e f f i c i e n c y  and mass-flow r a t e  increase  and the  optimum 
compressor pressure i s  reduced The low compressor pressure 
r a t i o ,  in  t u rn .  leads t o  higher compressor e f f i c i e n c y .  Moreover, 
a t  l o w  power l e v e l s ,  the increased mass-flow r a t e  i s  b e n e f i c i a l  
t o  the turbomachinery a s  a r e s u l t  of the  higher  a t t endan t  Reynolds 
number i n  the  turb ine  and compressor. Since increased recupera- 
t o r  e f fec t iveness  lowers both the r a d i a t o r  i n l e t  temperature and 
APS -5 109-R 
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TABLE 1 
DESIGN PARAMETERS FIXED BY 
CONTRACT NAS 3-2778 
Working f h i d  
Mass f low r a t e ,  m -1bs 
per sec .  
Turbine i n l e t  temperature,  
T3, O R  
0 
Turbine i n l e t  pressure,  
Turbine pressure r a t i o ,  r t l  
pa, P i a  
Compressor i n l e t  temperature,  
T i ,  O R  
Compressor i n l e t  pressure, 
Compressor pressure r a t i o ,  rc 
Corrected mass flow r a t e :  
PI, psia  
W f l / 6  turbine,  
lbs per sec .  
W f l / 6  compressor, 
lbs per sec.  
Turbine 
Package 
Argon 
1 . I84 
520 
13.2 
1.56 
- 
- 
- 
1.3185 
- 
Compress or  
Package 
Argon 
0.621 
- 
- 
- 
520 
6.0 
2.30 
- 
1.5214 
Gas 
Genera t o r  
Argon 
0.611 
1950 
13.2 
1.56 
536 
6.0 
2.30 
1.3185 
1.5217 
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the  h e a t  load, the r a d i a t o r  a r e a  i s  no t  s t r o n g l y  a f f e c t e d .  
Referr ing t o  Figure 2, the opt imum recupera tor  e f f e c t i v e n e s s  i s  
e s t ab l i shed  by a weight t radeoff  between the  recupera tor  and 
o the r  components. Although a recupera tor  e f f e c t i v e n e s s  of 0.9 
appears t o  be optimum, a value of 0.85 has been chosen i n  view 
of the mass flow r a t e  and compressor pressure  r a t i o  being 
s p e c i f i e d .  
The e f f e c t  of the cycle p re s su re - los s  parameter on system 
performance i s  shown i n  Figure 3. Although a value of 0.95 
would be near optimum f o r  the pressure- loss  parameter, the  value 
chosen w a s  0.90. T h i s  v a l u e  allows increased f l e x i b i l i t y ,  s i n c e  
the  h e a t  exchangers and manifolds would have t o  be designed f o r  
extremely l o w  pressure  drops i f  a p re s su re - los s  parameter of 
0.95 were u t i l i z e d .  
With the  design po in t  condi t ions l i s t e d  i n  Table 1, a recu-  
pe ra to r  e f f i c t i v e n e s s  of 0.85, and a p res su re - los s  parameter of 
0.90, a design-point  s tudy was conducted t o  e s t a b l i s h  the  gas 
generator  thermodynamic and aerodynamic opera t ing  condi t ions .  
F igures  4 and 5 i l l u s t r a t e  t h e  v a r i a t i o n  of wheel diameters,  
component and cyc le  e f f i c i e n c i e s ,  component s p e c i f i c  speeds,  and 
tu rb ine  pressure  r a t i o  over t he  range of s h a f t  speeds w i t h  the 
tu rb ine  and compressor matched. ( A  l i s t  of the symbols used 
throughout t h i s  r e p o r t  can be found on page 10.) Wheel diameters 
of 6 inches occur f o r  both t h e  tu rb ine  and the  compressor a t  a 
s h a f t  r o t a t i o n a l  speed o f  38,500 rpm w i t h  reasonable a d i a b a t i c  
e f f i c i e n c i e s  f o r  the  un i t s .  With t h i s  s i z e  wheels, manufacturing 
to le rances  can be r e a d i l y  maintained t o  provide aerodynamic 
passages with su r faces  t h a t  a r e  hydrau l i ca l ly  smooth. 
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RECUPERATOR E F F E C T I V E N E S S  - RE 
VARIATION O F  SYSTEM WEIGHT AND RADIATOR AREA 
VERSUS RECUPERATOR E F F E C T I V E N E S S  
F I G U R E  2 
A P S  -5 1 0 8 - R  
Page 6 
AIRESEARCH MANU FACTURINO COMPANY 
A 0OVI.ION O F  T W C  O A l l C T T  C O I C O I A T I O N  
PHOENIX. ARIZONA 
0.84 0.86 0.88 0.90 0.92 0.94 
PRESSURE LOSS PARAMETER, @ 
0.96 
V A R I A T I O N  OF SYSTEM WEIGHT AND RADIATOR AREA 
VERSUS PRESSURE LOSS PARAMETER 
FIGURE 3 
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h 
F0 
COMPRESSOR INLET TEMPERATURE, T 1  = 5 3 6 O R  
TURBINE INLET TEMPERATURE, TJ  
RECUPERATOR EFFECTIVENESS, ER = 0.85 
WORKING FLUID = ARGON 
= 1950"R 
= 0.90 TURBINE PRESSURE RATIO COMPRESSOR PRESSURE RATIO' @ 
COMPRESSOR PRESSURE RATIO, r = 2.30 
COMPRESSOR INLET PRESSURE, Pf = 6.0 PSIA 
MASS FLOW RATE, fi = 0.611 LBS 
PER SEC 
0.29 
0.28 
0.27 
Nn - RPM 
24 , 000 
12,000 
14 
Eg ' 13 24,000 
12,000 Rg ' 12 
0.78 
/- 
2 0.77 - I- 
0.76f 
0 
Z" 
0.13 
0.12 
0.11 
0.10 
0.091 I 1 I I I I I I I I 
I 
nu 
7 T 
6 - 
-, 
35 40 45 
' SHAFT SPEED, N1 - RPM X IO-= 
COMPRESSOR DESIGN 
NASA DESIGN POINT 
F I G U R E  4 
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COMPRESSOR INLET TEMPERATURE, T i  = 536OR 
TURBINE INLET TEMPERATURE, T 3  = 1950"R 
WORKING FLUID = ARGON 
RECUPERATOR EFFECTIVENESS, ER = 0.85 
= 0.90 
COMPRESSOR PRESSURE RATIO, rc = 2.30 
TURBINE PRESSURE RATIO > B  
COMPRESSOR INLET PRESSURE, P i  = 6.0 PSIA 
MASS FLOW RATE, r i ~  = 0.611 LBS 
PER SEC 
35 40 45 
SHAFT SPEED, NI - RF'M X 
FIRST STAGE TURBINE 
NASA DESIGN POINT 
FIGURE 5 
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g 
m 
r 
r 
r 
0 
C 
tl 
t2 
DC 
Dtl 
*R 
M 
Ni 
N2 
C NS 
NS tl 
LIST OF SYMBOLS 
2 conversion factor = 32.2 ft Ib per Ib set. 
molal gas flow rate, lbs mol per sec. 
c ompre s s or pres sur e rat io 
gas-generator turbine pressure ratio 
power-turbine pressure ratio 
compressor-wheel diameter, inches 
gas-generator turbine-wheel diameter, inches 
recuperator effectiveness 
molecular weight, lbs per lb mol 
gas-generator shaft speed, rpm 
power-turbine shaft speed, rpm 
compressor shaft speed 
gas-generator turbine specific speed 
power-turbine specific speed 
compressor inlet pressure, lbs per s q  ft 
gas-generator turbine inlet pressure, lbs per s q  ft 
universal gas constant = 1545 ft-lbs per lb-mol OR 
cornpressure inlet temperature, OR 
gas -generator turbine -inlet temperature, OR 
t2 I A S  tl - -   turbine pressure ratio compressor pressure ratio 
A P S - 5 1 0 8 - R  
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LIST OF SYMBOLS (Contd. ) 
Y 
e = (Y - l)/y = 0.4 f o r  monatomic gases 
= r a t i o  of gas s p e c i f i c  hea t s  = 1.667 f o r  monatomic gases 
- power-turbine s h a f t  power output  - 
qCY gas -cycle input r a t e  
= compressor a d i a b a t i c  e f f i c i e n c y  
= gas -generator turbine a d i a b a t i c  e f f i c i e n c y  
= power-turbine ad iaba t i c  e f f i c i e n c y  
17, 
q t ,  
q t 2  
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A l o w  compressor s p e c i f i c  speed r e s u l t s  a t  the  s h a f t  speed 
of 38,500 rpm, and the  cyc le  e f f i c i e n c y  i s  n o t  s e r i o u s l y  reduced 
from t h a t  which would be obtained a t  h igher  s h a f t  speeds and 
sma l l e r  wheel diameters ,  The v a r i a t i o n  of system weight and 
r a d i a t o r  a r ea  versus  compressor s p e c i f i c  speed i s  shown i n  Figure  
6. A compressor s p e c i f i c  speed of 0.09 i s  near  optimum based on 
the  cons idera t ion  of system weight;  based on the  c o n s i d e r a t i o n  of 
both system weight and r a d i a t o r  a r e a ,  t he  optimum s p e c i f i c  speed 
i s  approximately 0.096, From the  express ion  f o r  compressor 
s p e c i f i c  speed 
/ 
i t  can be seen  t h a t  t he  compressor s p e c i f i c  speed i s  a f u n c t i o n  
only of  shaft speed, s i n c e  the  remaining v a r i a b l e s  a r e  f ixed  by 
the  con t r ac t .  Therefore,  t he  s h a f t  speed s e l e c t e d  i s  n e a r l y  op- 
t i m u m  f o r  t he  s p e c i f i e d  cond i t ions .  A lower s h a f t  speed would 
r e s u l t  i n  a more d e s i r a b l e  compressor s p e c i f i c  speed, bu t  t h e  
wheel s i z e s  would be unnecessar i ly  l a r g e  and the  slow speed could 
r e s u l t  i n  bear ing problems e 
Addit ional  computer runs were made wi th  v a r i a b l e  cyc le  p re s -  I 
I 
I 
s u r e  l eve l ,  mass f low rate, and compressor p re s su re  r a t i o  ( v a r i a b l e  
compressor s p e c i f i c  speed)  over a gas-genera tor  speed range of 
35,000 t o  65,000 rpm wi th  a f r e e - t u r b i n e  s h a f t  speed of 24,000 
rpm, These c a l c u l a t i o n s  were made t o  supply added i n s i g h t  i n t o  
the  design-point,  examination and are  summarized i n  F igu res  7 
through 11. 
APS -5108 -R 
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COMPRESSOR S P E C I F I C  SPEED,  N 
sc 
VARIATION OF SYSTEM WEIGHT AND RADIATOR AREA 
VERSUS COMPRESSOR S P E C I F I C  S P E E D  
FIGURE 6 
A P S - 5 1 0 8 - R  
Page 13 A 3 1 8 9 3  
AIRESEARCH MANU FACTU R I  N 0 COMPANY 
A 0IVI . ION UP THE O A R N E T T  C O N P O m A T I O N  
i 
1 
P H O C N I X .  A l l I O N A  
COMPRESSOR INLET TEMPERATURE, T i  = 536OR 
TURBINE INLET TEMPERATURE, T 3  
WORKING FLUID = ARGON 
COMPRESSOR PRESSURE RATIO' 
FREE TURBINE ROTOR SPEED, N 2  = 24,000 RPM 
= 1950'R 
RECUPREATOR EFFECTIVENESS, ER = 0.05  
= 0.90 TURBINE PRESSURE RATIO 
0.14, 0.12, 0.10 f 1 
,0.12 1 
0.10 1 
0.09 
0.68 
0.66 \ u 1 
vl 0.64 
E 0.62 
+I 0.60 
I - 0.14 
w 
cu; 
\ C 
NS 
VI m 
SHAFT S P E E D , ' N ~  - RPM X 
OPTIMIZED NASA SYSTEM 
FIGURE 7 
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COMPRESSOR INLET TEMPERATURE, T i  = 536OR 
TURBINE INLET TEMPERATURE, T 3  = 1950'R 
WORKING FLUID = ARGON 
' RECUPERATOR EFFECTIVENESS, ER = 0.85 
= 0.90 TURBINE PRESSURE RATIO COMPRESSOR PRESSURE RATIO' p 
7 
6 
5 
4 
3 
26 
22 
18 
14 
10 
6 
2 
42 
38 
34 
30 
26 
22 
18 
14 
10 
6 
C 
NS 
0.08 
0.09 
0.10 
0.12 
0.14 
35 45 55 
SHAFT SPEED, N 1  - RPM X 
COMPRESSOR DIAMETER, COMPRESSOR 
INLET PRESSURE AND TURBINE INLET 
PRESSURE FOR OPTIMIZ D NASA SYSTEM FIGURE 8 A 3 1 4 9 5 - 1  
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a D I V I S I O N  O F  Tnr OARMITT C O I C O I A T I O N  
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COMPRESSOR INLET TEMPERATURE, TI = 536OR 
' TURBINE INLET TEMPERATURE, T3 = 19 Ood 
RECUPERATOR EFFECTIVENESS, ER = 0. 3 5 
WORKING FLUID = ARGON 
J 0.9' TURBINE PRESSURE RATIO 
COMPRESSOR PRESSURE RAT16 
I; 
SHAFT SPEED, N1 - RPM X 
COMPRESSOR EFFICIENCY AND 
COMPRESSOR PRESSURE RATIO FOR 
OPTIMIZED NASA SYSTEM 
FIGURE 9 
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A DIVI.ION O F  THE O A R I L T T  C O I L O R A T I O N  
PHOENIX. ARILONI. 
COMPRESSOR INLET'TEMPERATURE, Ti = 536OR 
TURBINE INLET TEMPERATURE, T3 
WORKING FLUID = ARGON 
= 1 9 5 0 ° R  
RECUPERATOR EFFECTIVENESS, ER = 0.85 
= 0.90 TURBINE PRESSURE RATIO COMPRESSOR PRESSURE RATIO' 
FREE TURBINE ROTOR SPEED, N a  = 24,000 RPM 
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I 
N 
nu 
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N 
U 
k 
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0.88 
0.86 
0.84 
0.82 
COMPRESSOR INLET TEMPERATUREJ T i  = 536OR 
RECUPERATOR EFFECTIVENESS, ER 
TURBINE INLET TEMPERATURE, T 3  
WORKING FLUID = ARGON 
= 19 OOR 
= 0. 3 5 
= 0.90 TURBINE PRESSURE RATIO COMPRESSOR PRESSURE RATIO' p 
FREE TURBINE ROTOR SPEED, N 2  = 24,000 RPM 
0.10 
0.12 
0.14 
' O . 3  0. 
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1.34 
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FIGURE 11 
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A comparison was made between NASA design-point conditions 
at 38,500 rpm (6.0-inch wheels) and 45,000 rpm (5.1-inch wheels) 
and the "optimized" design-point conditions at 38,500 rpm (6.0- 
inch wheels), 45,000 rpm (5.25-inch wheels), and 55,800 rpm 
(4.3-inch wheels). Selected values of cycle parameters at these 
conditions appear in Table 2. In addition, the optimized condi- 
tions include both a high-cycle pressure cycle (N = 0.08) and 
a case with compressor specific speed comparable to the NASA 
design conditions. 
I 
I 
I 
I 
sC 
The above design-point condition studies revealed no major 
advantage to be gained through a change in design-point condi- 
tions from those proposed by NASA. Some advantage in system 
weight and radiator area would be realized with increased shaft 
speed and pressure level; however, decreased wheel diameters would 
result. Therefore, it was recommended that the mass flow rate, 
compressor pressure ratio, compressor inlet pressure, and working 
fluid, as recommended by NASA, be established as design values 
with the gas generator shaft speed of 38,500 rpm. 
1 
I 
I 
I 
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Table 3 presents  t he  f i n a l  design cond i t ions  used f o r  the  
tu rb ine .  These condi t ions  are f o r  cold t e s t i n g  with argon. 
Design condi t ions f o r  ho t  t e s t i n g  a r e  given i n  Sec t ion  3.2. 
TABLE 3 
DESIGN CONDITIONS 
NASA TURBINE RESEARCH PACKAGE 
c.arking f l u i d  
Flow r a t e ,  lbs  per sec. 
I n l e t  temperature,  O R  
I n l e t  pressure,  p s i a  
T o t a l  p ressure  r a t i o  
Operating speed, rpm 
Operating l i f e ,  h r .  
Speed c a p a b i l i t y ,  percent design 
APS-5108 -R 
Page 2 1  
Argon 
1.184 
520 
13.2 
1.56 
19,800 
100 
120 
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3.0 TURBINE DESIGN 
3.1 Aerodynamic Design Approach 
The following d iscusses  the  procedure used t o  design t h e  
turb ine  wheel, nozzle,  and s c r o l l .  
The ro to r  diameter was f ixed  so  t h a t  t h e r e  w e r e  no i n c i -  
dence losses  a t  t he  r o t o r  i n l e t  and so  t h a t  t h e  requi red  power- 
output was  accomplished without e x i t  s w i r l .  The o t h e r  main 
turb ine  dimensions (exducer hub/ t ip  r a t i o ,  exducer t i p  diameter,  
nozzle area,  and t i p  width) were c a l c u l a t e d  from a c o r r e l a t i o n  
of t u rb ine  e f f i c i e n c y  versus  a parameter involving t h e  var ious  
important geometrical  r a t i o s .  
AiResearch and o the r  r a d i a l  t u rb ine  da t a .  
f ixed ,  a meridional shape w a s  es t imated .  Using t h e  e l e c t r i c  
analog f i e l d  p l o t  method, wi th  approximate c o r r e c t i o n s  f o r  com- 
p r e s s i b i l i t y ,  blade blockage, and boundary-layer clogging, t he  
meridional v e l o c i t i e s  along seve ra l  s t reaml ines  w e r e  c a l c u l a t e d .  
The meridional shape w a s  ad jus ted  and t h e  c a l c u l a t i o n  repea ted  
u n t i l  a s a t i s f a c t o r y  d i s t r i b u t i o n  w a s  obtained along the  shroud 
and hub s t reamlines .  P a r t i c u l a r  c a r e  was taken t o  ensure t h a t  
t he  shroud meridional  v e l o c i t y  d i d  no t  have too  high a peak 
and t h a t  t h e  hub v e l o c i t y  d id  no t  become so  low as t o  cause 
negat ive v e l o c i t i e s  when blade loadings w e r e  c a l c u l a t e d .  
This  c o r r e l a t i o n  i s  based on many 
With these  dimensions 
Next, t he  blade loading diagram w a s  es t imated  by us ing  a 
blade-to-blade c a l c u l a t i o n  method. U t i l i z e d  i n  these  ca l cu -  
l a t i o n s  w e r e  an assumed number of b lades ,  an assumed blade-  
angle  v a r i a t i o n  and a ca l cu la t ed  s l i p  f a c t o r  a t  t h e  blade t i p .  
Since t h e  blade elements w e r e  r a d i a l ,  t he  blade angles  along 
the  mean and hub s t reaml ines  w e r e  c a l c u l a t e d  from t h e  value 
of t h e  blade angles  a t  t h e  shroud and, consequently,  aero-  
dynamic loading was ca l cu la t ed .  
APS-5108-R 
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Severa l  combinations of blade-angle d,s t r i b u t i o n  and 
numbers of vanes were checked u n t i l  the fol lowing condi t ions  
were avoided: 
(a) Excessive dece lera t ion  of r e l a t i v e  v e l o c i t y  
a t  the shroud. 
( b )  Very low o r  negative r e l a t i v e  v e l o c i t i e s  
a t  the shroud. 
( c )  Excessive dece lera t ions  on t h e  s u c t i o n  
su r face  of any s t reaml ine .  
Due t o  loading cons idera t ions ,  the des i r ed  minimum number 
of r a d i a l  blades on the turbine wheel i s  17. However, 17 exducer 
blades r e s u l t  i n  performance impairment by e x t r a  f r i c t i o n  lo s ses ,  
and the blade spacing a t  the exducer hub becomes so  small t h a t  a 
f a b r i c a t i o n  problem r e s u l t s .  The most d e s i r a b l e  number of exducer 
blades i s  13. I f  13 exducer b lades  and 26 r a d i a l  blades a r e  used, 
the f r i c t i o n  lo s ses  would be l a r g e .  I f  12 exducer and 24 r a d i a l  
blades a r e  used, v i b r a t i o n  problems may r e s u l t .  Therefore, ,  the 
tu rb ine  design u t i l i z e s  11 exducer blades and 22 r a d i a l  blades.  
However, t h i s  r e s u l t s  i n  heavi ly  loaded exducer b lades .  
I t  i s  poss ib l e  t o  reduce blade loading by inc reas ing  the 
length of the exducer, but  the f r i c t i o n  lo s ses  would inc rease .  
Therefore,  i t  is  d e s i r a b l e  to  load the exducer blades heav i ly  
so  t h a t  the  f r i c t i o n  losses  a r e  minimized, provided t h a t  the 
loading does not  cause ex t r a  d i f f u s i o n  lo s ses  o r  flow separa-  
t i o n .  I f  the exducer blades a r e  loaded near  the t r a i l i n g  edge, 
a r e l a t i v e l y  high dev ia t ion  of the  flow from the blade angle  
may occur.  This dev ia t ion  i s  not  due t o  flow sepa ra t ion  and 
i s  not  a cause of pressure  lo s ses .  A c e r t a i n  length of cons tan t -  
angle  blade s e c t i o n  may be added a t  the t r a i l i n g  edge of the 
APS -5 108-R 
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exducer for  the purpose of reducing the dev ia t ion  angle .  How- 
ever ,  the concomitant f r i c t i o n  losses  would no t  j u s t i f y  the 
convenience of p red ic t ing  the devia t ion  angle .  
The loadings on the r a d i a l  leading edge po r t ion  of the  
blade were r eca l cu la t ed ,  based on p o t e n t i a l  f low a n a l y s i s  wi th  
a high-speed d i g i t a l  computer. The r e s u l t s  compared favorably 
with the previously ca l cu la t ed  loadings.  
The losses i n  the nozzle and r o t o r  were est imated by use 
of boundary- layer  techniques.  The losses  considered were: 
vane and wal l  f r i c t i o n  lo s ses ,  mixing lo s ses  due t o  boundary- 
l aye r  and blade wakes, wheel windage lo s ses ,  c learance  lo s ses ,  
incidence loss, and d i f f u s i o n  losses. The pressure  r a t i o  was 
so  low tha t  there  w a s  no shock loss i n  the tu rb ine .  
The nozzle shape and number of vanes were optimized t o  
y i e l d  the lowest o v e r a l l  losses  due t o  f r i c t i o n  and mixing 
l o s s e s .  The nozzle shape w a s  examined by using the f i e l d  
p l o t t i n g  method to  a r r i v e  a t  a shape t h a t  yielded a good 
v e l o c i t y  d i s t r i b u t i o n  and reasonable loading. 
The sc ro l l  a r eas  were ca l cu la t ed  by using the  well-known 
s c r o l l  equations based on cons idera t ion  of angular  momentum and 
con t inu i ty .  Boundary-layer thickness  w a s  c a l c u l a t e d  throughout 
the s c r o l l ,  and the a r e a s  were ad jus t ed  t o  compensate f o r  block- 
age.  
tongue of the s c r o l l  and thus al low c o n t r o l  of the flow through 
the f u l l  360 degrees.  
One nozzle vane w a s  elongated and ad jus t ed  t o  become the 
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The following i s  the  design procedure f o r  t he  tu rb ine  
exducer : 
( a )  Assume a mean flow d i r e c t i o n  along t h e  shroud. 
(b) The blade loading i s  c a l c u l a t e d  wi th  the  flow angle  
and meridional v e l o c i t y  by using the  equat ion  a s  
der ived below: 
where 
- 
W 
U Cm - -  - tang', =- = C O S B '  
W Cm 
- 
u - w  = c  
U U 
Am: meridional length along the shroud 
B ' :  d i r e c t i o n  of mean flow measured from the  
meridional plane 
t a n g e n t i a l  th ickness  of blade 21 
r a d i u s  A@ = 
- W 
= w  s +  p 2 
W 
Assuming 
- w - w  
2 w s = w +  
w - w  S - 
2 w = w -  P 
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Notice t h a t  the  v e l o c i t y  along the  b lade  o r  blade 
loading depends only upon the  mean flow d i r e c t i o n ,  
and i t  i s  independent of t he  dev ia t ion  angle  and 
r e a l  blade angle .  
( c )  I f  t he  v e l o c i t y  d i s t r i b u t i o n  i n  S t e p  ( b )  i s  no t  
s a t i s f a c t o r y ,  assume a d i f f e r e n t  mean flow d i r e c -  
t i o n  along the  shroud and repea t  S t e p  ( b ) .  I f  t h e  
ve loc i ty  d i s t r i b u t i o n  is s a t i s f a c t o r y ,  t h e  real  
blade geometry i s  designed a s  descr ibed i n  S t e p s  
(d )  through (k) . 
( d )  As a f i r s t  approximation, draw a p a i r  of imaginary 
blades t h a t  are i d e n t i c a l  wi th  t h e  flow d i r e c t i o n .  
Measure t h e  t h r o a t  width o and blade spacing s. 
The real  flow angle* made by these  b lades  i s  
( e )  
B '  = cos-1 (o /s )  + 4 ( S / € )  
where E i s  the  mean r ad ius  of curva ture  of t he  
suct ion su r face  of t he  blade s e c t i o n  between the  
blade t h r o a t  and the  blade t r a i l i n g  edge and 8 '  
i s  given by degree.  
( f )  I n  o rder  t o  make t h e  r e a l  f low angle  i d e n t i c a l  
with t h e  des i r ed  flow angle  s p e c i f i e d  i n  S t e p  ( a ) ,  
the blade angle  i s  increased  without  i nc reas ing  
the a x i a l  l eng th  of t he  exducer.  
1 
I '  
1 
I 
8 
*Ainley, D.  G . ,  and G .  C .  R .  Mathieson, An Examination of t he  Flow 
E and Pressure Losses i n  Blade Rows of Axial-Flow Turbines,  ARC, R and M 2891, 1955. 
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( g )  Repeat S t e p s  ( e )  and ( f )  u n t i l  t he  e x i t  f low angle 
agrees  wi th  the  des i red  angle .  
( h )  Since the  blade element i s  r a d i a l ,  the  v a r i a t i o n  
of t he  blade angle  along the  50-percent s t reaml ine  
and the  hub i s  fixed, and the  e x i t  f low d i r e c t i o n  
i s  c a l c u l a t e d  wi th  S t e p  ( e ) .  
( i) If the  flow d i r e c t i o n  does no t  agree wi th  the  
des i r ed  flow angle  a t  the  50-percent  and hub 
s t reaml ines ,  the a x i a l  l eng th  of t he  exducer 
blades may be increased t o  meet t he  requirement.  
I f  i t  i s  necessary t o  c u t  back the  a x i a l  l ength  
a t  t he  hub and 50 percent s t reaml ines ,  such 
geometry i s  not  p r a c t i c a l  from the  stress view- 
po in t .  I n  such cases the  shroud s e c t i o n  may be 
c u t  back somewhat so t h a t  the  flow i s  under-turned 
while t h e  hub sec t ion  i s  extended so  t h a t  t h e  flow 
i s  over-turned, and as a whole the  c o r r e c t  amount 
of work i s  accomplished. A c e r t a i n  amount of e x i t  
s w i r  1 does not  s ign i f  i c  an t  l y  h u r t  t u rb ine  e f f i c  ienc y . 
( j )  D i s t r i b u t i o n  of the meridional v e l o c i t y  i s  i n -  
f luenced by the  d i s t r i b u t i o n  of blade loading.  
However, i n s t ead  of applying t h e  c o r r e c t i o n  of 
v e l o c i t y  d i s t r i b u t i o n  and i t e r a t i n g  blade geometry, 
the  blade designed i n  S t e p  ( i) i s  extended 0.2 inch 
a x i a l l y .  
t i o n  of blade,  i t  i s  poss ib l e  t o  a d j u s t  t h e  o v e r a l l  
work output t o  f i t  t o  the  d e s i r e d  value when t h e  
meridional v e l o c i t y  d i s t r i b u t i o n  i s  d i f f e r e n t  from 
the  o r i g i n a l l y  assumed d i s t r i b u t i o n .  
With a proper  cutback of t h i s  extended por-  
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( k )  A 
bu t ion  along blades i s  not  always very accu ra t e .  
An example o f  the  discrepancy from two-dimensional 
a n a l y s i s  f o r  t u rb ine  r o t o r  i n l e t  showed the  d i s -  
crepancy t o  be r e l a t i v e l y  small  and, t he re fo re ,  t he  
one-dimensional c a l c u l a t i o n  was deemed t o  be adequate.  
one-dimensional c a l c u l a t i o n  of v e l o c i t y  d i s t r i -  I 
8 
3.2 Aerodynamic Design 
The following i s  a l i s t  of p e r t i n e n t  information, r e s u l t -  I 
1 
I 
ing  from the aerodynamic ana lys i s  of the  tu rb ine  r e sea rch  package, 
which def ines  the tu rb ine  and nozzle geometry. These des ign  condi- 
t i o n s  a r e  f o r  ho t  opera t ion  of the  tu rb ine  r e sea rch  package and 
appl icable  f o r  t he  gas genera tor  t u rb ine  conf igu ra t ion ,  a r e  a l s o  
A .  
B, 
C. 
D .  
E .  
F. 
E f f i c i e n c i e s  
T o t a l - t o - t o t a l  e f f i c i e n c y  = 88.0% 
T o t a l - t o - s t a t i c  e f f i c i e n c y  = 82.4% 
Pressure  Rat ios  
T o t a l - t o - t o t a l  p ressure  r a t i o  = 1,560 
T o t a l - t o - s t a t i c  pressure  r a t i o  = 1.613 
Speed = 38,500 rpm 
Spec i f i c  work = 49.15 hp per  l b  per  sec. 
Weight flow = 0.611 l b  per  sec. 
Spec i f i c  speed = 0,118 
I 
I 
b 
II 
I 
I 
t 
I 
1 
1 
8 
i 
! 4 , 
I 
i 
I 
8 
I 
1 
8 
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i 
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G .  Loss D i s t r i b u t i o n  
1. Rotor Losses ( A l l  l o s s e s  i n  % of i s e n t r o p i c  work) 
2.00 ( a )  Main blade f r i c t i o n  
0.53 ( b )  S p l i t t e r  vane f r i c t i o n  
( c )  Main blade mixing 0.40 
(1) Blade th ickness  
( 2 )  Boundary l aye r  
( d )  S p l i t t e r  vane mixing 0.13 
(1) Blade th ickness  
(2) Boundary l a y e r  
( e )  Shroud f r i c t i o n  
(f) Windage 
( g )  Clearance l o s s  
( h )  Hub d i f fus ion  loss  
(i) Shock loss 
Estimated r o t o r  l o s s e s  
Contingency 
T o t a l  r o t o r  l o s s e s  
0.76 
2.04 
1 .45  
0.10 
0.00 
7.41 
0.37 
7.78 
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2 .  S t a t o r  Losses 
( a )  S c r o l l  
( b )  Nozzle f r i c t i o n  
( c )  Nozzle mixing 
0.90 
2.49 
0.31 
8 
(1) Blade th ickness  -L 
( 2 )  Boundary l a y e r  -- 
( d )  Vaneless space 0.52 
T o t a l  s t a t o r  l o s s e s  4.22 
Overal l  es t imated lo s ses  12.00 
Estimated t o t a l - t o - t o t a l  e f f i c i e n c y  100 - 12.0 = 88.0% 
H. T o t a l  and S t a t i c  Pressures  
S t a t o r  i n l e t  t o t a l  p ressure  = 13.15 p s i a  
S t a t o r  i n l e t  s t a t i c  pressure  = 12.82 ps i a  
S t a t o r  e x i t  t o t a l  pressure  = 13.00 p s i a  
Blade S t a t o r  e x i t  s t a t i c  pressure  = 10.89 p s i a  
Outside 
Rotor i n l e t  t o t a l  p ressure  = 12.97 p s i a  
Blade Rotor mean i n l e t  s t a t i c  pressure  = 10.79 Psis 
Outs ide  
Rotor e x i t  t o t a l  p ressure  = 8.47 p s i a  
Blade Rotor e x i t  s t a t i c  pressure  = 8.18 p s i a  
Outside 
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I .  
J. 
K. 
L. 
Tota l  Temperatures 
I n l e t  t o t a l  temperature = 1943'R 
Ou t l e t  t o t a l  temperature =: 1671'R 
Gas Veloc i ty  Di s t r ibu t ion  
See Figure 12 f o r  shroud v e l o c i t y  d i s t r i b u t i o n .  
See Figure 13 f o r  50 percent  s t reaml ine  v e l o c i t y  
d i s t r i b u t i o n .  
See Figure 14 f o r  hub v e l o c i t y  d i s t r i b u t i o n .  
S t a t o r  and Rotor Aerodynamic Physical  Dimensions 
See Drawing 369724 
See Drawing 369726 
Veloc i ty  Diagrams 
f o r  s t a t o r  phys ica l  dimension. 
f o r  r o t o r  phys ica l  dimensions. 
See Figure 15 f o r  s t a t o r  v e l o c i t y  diagrams. 
See Figure 16 f o r  r o t o r  v e l o c i t y  diagrams. 
Figure 17 shows the s t a t i o n  numbers corresponding t o  
the v e l o c i t y  diagrams. Also shown i s  the temperature 
drop based on the ve loc i ty  t r i a n g l e s ,  as compared t o  
the t o t a l  temperature drop based on the t o t a l  tem- 
pera tures  shown i n  paragraph I above. 
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S'IATOR VELOCITY DIAGRAMS FOR 
TURBINE RESEARCH PACKAGE 
WRITTEN - 
-- 
A??ROVRD ---- AiResearch Manufacturing Company of Arizona 
= 290 FPS s", 
cU1 U 
STATOR INLET 
_________I 
A 668 - - 
STATOR EXIT ( I N S I D E  BLADE, BASED ON COKE VELOCITY) 
STATOR EXIT (OUTSIDE BLADE) 
WRY CTS8A-l 
FIGURE 1-5 
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PHOENIX .  ARIZONA 
*??IIOVCD 
83 = 19.4' 
$ 4  = 56.7' 
U3 = 1010 FPS 
__- ~ _ _ _  
._ - .-.  . &Research Manufacturing Company of Arizona ---A-3ac 
83 = 23.65' 
84 = 50.8' 
U3 = 1010 FPS 
50 PERCE~T STREAMLINE 
83 = 25.2' 
pJ B 
ROTOR VELOCITY DIAGRAMS FOR 
TJ R BINE R ES EARCK PACKAG E I I I 
WRITTEN I I---- 
AIRESEARCH MANUFACTURINO COMPANY 
A OIV IS ION O F  Tt4* O A R R L T T  C O R P O I 4 T I O N  
PHOENIX. ARIZONA 
3 
REFER TO FIGURE 16. 
U 3  1010 FPS Cu, = 883 FPS 
u3 cu3 
AT = WHERE U = WHEEL TANGENTIAL VELOCITY gJCp Cu = TANGENTIAL COMPONENT OF GAS 
g = GRAVATIONAL ACCELERATION, 
J = 778.26 F T - L B S  PER BTU 
ABSOLUTE VELOCITY 
32.2 FPS 
AT = l O l O * 8 8 3  
32.20778.26 0.1243 
= 286.3OF 
FROM PARAGRAPH G . l ,  PAGE 29 WINDAGE LOSS = 2.04% 
AT DUE TO WINDAGE = ( 2 8 6 . 3 ) ( 0 . 0 2 0 4 )  = 5.84OF 
TEMPERATURE DROP DUE T O  USEFUL WORK EXTRACTION = 286.3 - 5.8 = 280.5OF 
TEMPERATURE DROP BASED ON TOTAL TEMPERATURE 
DIFFERENCE = 1950 - 1671 = 279' ( S E E  PARAGRAPH I,  PAGE 3 1 )  
FIGURE 17 
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3.3 Mechanical Design Analysis 
3.3.1 Dynamic Analysis 
The dynamic a n a l y s i s  of t he  tu rb ine  r e sea rch  package w a s  
accomplished on a d i g i t a l  computer by use of a program w r i t t e n  
f o r  turbomachinery c r i t i c a l  speed and bear ing  load ana lyses .  A 
4.0- inch bearing spacing and 25-mil l imeter  bear ings were chosen 
f o r  the  research package, The rear bear ing w a s  r i g i d l y  mounted 
t o  l i m i t  the r o t o r  r a d i a l  motion wi th in  the  requi red  shrcud 
c l ea rance .  This gave an e f f e c t i v e  sp r ing  ra te  of 450,000 pounds 
per  inch for  t he  rear mount. The c r i t i c a l  speeds f o r  t he  t u r -  
b ine  were analyzed by using f r o n t  bear ing  sp r ing  rates from 
5,000 t o  30,000 pounds p e r  inch (see Figure 18). 
bearing spr ing rate of 15,000 pounds p e r  inch, bear ing  loads f o r  
a 0.0005-inch c .g .  e c c e n t r i c i t y  were determined. Figure 19 shows 
the  r e s u l t s  of t he  bear ing load a n a l y s i s .  
Using a f r o n t  
3 .3 .2  Turbine Wheel Temperature and Stress Analysis 
Figure 2 0  shows the  turbine-wheel conf igura t ion  used i n  
the  turb ine  r e sea rch  package. I n  c a l c u l a t i n g  t h e  turbine-wheel 
temperature d i s t r i b u t i o n  f o r  the  gas genera tor  conf igura t ion ,  i t  
w a s  assumed (1) t h a t  no hea t  would be t r a n s f e r r e d  t o  the  s h a f t  
and ( 2 )  tha t  the  s h a f t  would conduct hea t  t o  the  compressor. 
Turbine i n l e t  temperature w a s  assumed a t  1950'R wi th  t h e  opera t ing  
speed of 38,500 rpm. Gas temperatures r e l a t i v e  t o  the  wheel and 
h e a t - t r a n s f e r  c o e f f i c i e n t s  w e r e  c a l c u l a t e d  on the  Bendix G-20 
computer. Figure 2 1  i s  the  r e s u l t  of t h e  c a l c u l a t i o n .  The t u r -  
b ine  blade and d i s c  temperature d i s t r i b u t i o n s  f o r  Conditions (1) 
and ( 2 )  a re  shown on Figures  22 and 23. 
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NASA BRAYTON- CYCLE 
TURBINE WHEEL CONFIGURATION 
FIGURE 2Q 
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- -  
WRITTEN 
*CCROVED 
NOTE: 
( 1) 
( 2 )  
TURBINE INLET TEMPERATURE 1 9 5 0 ° R  
TURBINE WHEEL SPEED 38,500 RPM 
AiResearch Manufacturing Company of Arizona 
2.5 
2.0 
1.0 
.5 
0 
GAS TEMPERATURES RELATIVE TO THE 
PREPARED I NASA BRAYTON-CYCLE TURBINE WHEEL, OR ~11781 
--- - . . . . . . . 
FIGURE 21  
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PRCPARED p-20 8-63 - 
WRITTEN 8 - a  
I 
1 
I: 
I 
I 
1 
8 
8 
t 
1 
1 
I 
I 
I 
a 
STEADY-STATE TEMPERATURES 
NASA BRAYTON-CYCLE TURBINE WHEEL A 11782 
WITH NO HEAT TRANSFERRED TO SHAFT 
NOTES: 
( 1 )  TEMPERATURES ARE DEGREES RANKINE 
( 2 )  SPEED I S  38,500 RPM 
,310 
-2.5 
2.0  
1.5 I 
v) 
8 
1.0 
0.5 
0 
[T-Z$GZiZI AiResearch Manufacturing Company of Arizona -1 . . I 
I I 1 I I 
FIGURE 22 
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STEADY -S TA TE TEMPERATURES 
8-63 NASA BRAYTON-CYCLE TURBINE WHEEL A 1 1 7 8 3  
PREPARED G - 2 0  
WRITTEN 'EJJ 8 - 6 3 W I T H  SHAFT CONDUCTING HEAT TO COMPRESSOR 
-__ ____-___ -____-- 
APPROVED E -W --- I--8-:63 AiResearch Manufacturing Company of Arizona - 
NOTES: 
(1) TEMPERATURES ARE DEGREES RANKINE 
( 2 )  SPEED IS 38,500 RPM 
( 3 )  TEMPERATURE OF HEAT S I N K  A T  COMPRESSOR I S  65OoR 
1710 I 
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The temperature d i s t r i b u t i o n s  discussed above w e r e  used 
i n  c a l c u l a t i n g  the  combined thermal and c e n t r i f u g a l  stresses f o r  
the  tu rb ine  wheel opera t ing  a t  38,500 rpm.  Radial  and tangen- 
t i a l  stresses are shown i n  Figures 24 and 25. 
Yielding of t h e  b lades  and i n  t h e  d i s c  w i l l  begin a t  
minimum speeds of 67,000 and 66,000 rpm, r e spec t ive ly ,  based onvon 
Mise's y i e l d  c r i t e r i o n .  Or ig ina l ly ,  the  tu rb ine  wheels w e r e  t o  
be made of Waspaloy. 
so t h a t  the  wheelcauldbe c a s t  i n s t e a d  of machined from a forg ing .  
A s  can be seen i n  Figure 26, t he  s t ress  l e v e l  i n  t h e  wheel i s  w e l l  
below t h e  10,000-hour s t r e s s - r u p t u r e  curve f o r  Inconel  713C. 
The mater ia l  was changed t o  Inconel  713C 
3.3.3 Growth and Burst  Tests 
The r e s u l t s  of t h e  S t resscoa t  tes t  on t h e  tu rb ine  wheel a r e  
shown i n  Figures  27 and 28. These values  compare favorably  wi th  
those c a l c u l a t e d  i n  Sect ion 3.3.2.  The maximum ind ica t ed  stress 
a t  38,500 rpm was 34,900 p s i  compared t o  a c a l c u l a t e d  va lue  of 
s l i g h t l y  over 30,000 p s i .  T h i s  apparent discrepancy may be 
explained s ince  the  S t resscoa t  r e s u l t s  a r e  room-temperature 
va lues  while the  c a l c u l a t e d  s t r e s s e s  are f o r  ope ra t ing  tempera- 
t u r e s .  The opera t ing  temperatures change t h e  stress d i s t r i b u t i o n  
due t o  thermal g rad ien t s  i n  the wheel. Af t e r  t he  S t r e s s c o a t  
t es t s ,  the  wheel was etched t o  determine t h e  g ra in  s t r u c t u r e  i n  
the  c a s t  wheel as shown i n  Figure 29. 
A growth-and-burst test  w a s  a l s o  conducted on the  wheel. 
Residual  growth w a s  measured on the  outs ide  diameter a t  two po in t s  
90' a p a r t ,  and the  r e s u l t s  are  shown i n  Figure 3 0 .  The r e s u l t s  of 
t he  b u r s t  t es t  are shown i n  Figure 31. Burst occurred a t  86,000 
r p m - - w e l l  w i th in  the  ca l cu la t ed  b u r s t  range of 77,000 t o  lOg,OOO 
rpm. 
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8-63 rnrrrnm GEL 
WRITTEN 
-- 
* ~ ~ R O V E D  2 _- IES-- -Y-~!  
NOTE: 
( 1 )  SPEED - 38,500 RPM 
( 2 )  AVERAGE TANGENTIAL STRESS - 17,700 PSI 
(3 )  MATERIAL - INCONEL 713C 
( 4 )  SHAFT CONDUCTING HEAT TO COMPRESSOR 
RADIAL STRESS D I S T R I B U T I O N  FOR 
NASA BRAYTON-CYCLE TURBINE WHEEL 
STRESS I N  PSI 
A11785 
AiResearch Manufacturing Company of Arizona - 
20,000 
I 2.5 
2 .0  
1 .o 
-5 
0 
1 
I 
I 
AIRESEARCH MANUFACTURING COMPANY 
A O I Y I S I O W  O F  THE O A I I I C T T  C O R P O R A T I O N  
PHOENIX. kRIZONA 
NOTE: 
(1) SPEED - 38,500 RPM 
( 2 )  AVERAGE TANGENTIAL STRESS - 17,700 PSI 
( 3 )  MATERIAL - INCONEL 713C 
( 4 )  SHAFT CONDUCTING HEAT TO COMPRESSOR 
3.0 
2.5 
2.0 
1.0 
-5 
0 
20,000 
1-1 TANGENTIAL STRESS DISTRIBUTION FOR 
?R W A R  ED NASA BRAYTON-CYCLE TURBINE 1 A11784 
FIGURE 25 
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3.0 
2.5  
2.0 
1.5 
1.0 
45 
0 
10,000-HOUR STRESS-RUPTURE CURVE FOR 
INCONEL 713c BASED ON TEMPERATURES 
AT PEAK STRESS LOCATIONS IN TURBINE 
WHEEL 
0 
STRESS - KSI 
NASA BRAYTON-CYCLE WHEEL PEAK STRESS 
DISTRIBUTION AND ALLOWABLE STRESS 
DISTRIBUTION FOR 10,000-HOUR LIFE 
FIGURE 26 
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A DIVI.ION OF THE D A R R C T T  C O I P D I A T I O W  
PHOENIX. AIIIZONA 
KP-5193 
STRESSCOAT TEST OF NASA BRAYTON-CYCLE 
CAST TURBINE WHEEL, PART 369726 STRESSES BELOW 
ARE FOR UNIAXIAL STRESSES AT 38,500 RPM 
ESTIMATED ACCURACY OF STRESSES: f20$ 
AVERAGE STRESSCOAT SENSITIVITY 0.00013 
MATERIAL: INCONEL 713C E = 28.6 x 10 PSI 
1-8-64 
AREA STRESS (PSI) 
1 34 900 
2 30 500 
3 27,100 
4 24,000 
5 20,400 
PHOTO NO. P-22334-1 
FIGURE 27 
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STRESSCOAT TEST OF NASA BRAYTON-CYCLE 
CAST TURBINE WHEEL, PART 369726 STRESSES BELOW 
ARE FOR UNIAXIAL STRESSES AT 38,500 RPM 
ESTIMATED ACCURACY OF STRESSES: *2@ 
1-8-64 
AVERAGE STRESSCOAT SENSITIVITY 0.00013 
MATERIAL: INCONEL 71 C E = 28.6 x 10 PSI 
AREA 
1 
i 
' 5  
PHOTO 
MP-5196 
STRESS (PSI) 
34,900 
30, 500 
27,100 
24,000 
20,400 
NO. P-22334-4 
FIGURE 28 
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GRAIN STRUCTURE O F  NASA TURBINE WHEEL 
FIGURE 29 
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A O(VI.ION O r  THE O A l R K T T  C O I L O R A T I O W  
PHOLNIX. ARIZONA 
MATERIAL! INCONEL 7 1 3 C  
BURST OCCURRED AT 86,000 RFW 
GROWTH MEASURED ON DIAMETER d 
m 
DIAMETER NO. 1 (PRERUN D I A .  = 6.0213 I N C H )  
PRERUN D I A .  = 6,0210 I N C H )  
DIAMETER NO. 2 (90" FROM D I A .  NO. 1; 
SHAFT SPEED - RPM X IO-' 
GROWTH OF NASA BRAYTON 
CYCLE T U R B I N E  WHEEL 
FIGURE 30 
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I 
PART 369726, S E R W  NO. 34 391 TURBINE WHEEL 
AFTER BURST AT 86,000 RPM 
CAST INCQNEL 713C 
FOR THE NASA BRAYTON-CYCLE GAS GENERATOR 
PHOTO NO. P-22411 
FIGURE 31 
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3.4 Mechanical Design 
3.4.1 General Unit  Descr ip t ion  
A c ros s - sec t iona l  view of the turb ine  research  package i s  
shown i n  Assembly Drawing 369721. The u n i t s  c o n s i s t s  of the 
turb ine  wheel and s h a f t  assembly (369726) mounted i n  the main 
housing (369722) on two a n t i f r i c t i o n  bear ings (358313). The 
f r o n t  bearing ( t u r b i n e  end) i s  r e s i l i e n t l y  mounted with a s p r i n g  
r a t e  of 15,000 pounds per  i nch .  The r e a r  bear ing i s  r i g i d l y  
mounted, and a c o i l  sp r ing  provides 30 pounds of a x i a l  preload 
on the bearings.  An o i l  j e t  (369728) supp l i e s  pressur ized  o i l  
t o  each bearing and a carbon-face-type o i l  s e a l  (369738 and 
358319) i s  provided a t  each end of the housing. 
s e a l  has an argon purge chamber located between the face  s e a l  
and an annular s h a f t  s e a l  t o  prevent any minute amount of o i l  
leakage past  the face  s e a l  from contaminating the system argon. 
A spline-connected s t u b  s h a f t  (369746) loca ted  a t  the  output  
end of the turbine wheel and s h a f t  assembly permits adap ta t ion  
to  an ex te rna l  power-absorbing device.  
The turb ine  end 
The turbine nozzle and s c r o l l  assembly (369725) a t t a c h e s  
t o  the main housing by a bo l ted  f l ange .  Shimming t o  ob ta in  the 
des i r ed  turbine-wheel-to-shroud-face c learance  i s  accomplished 
a t  t h i s  f lange by providing a shim of predetermined thickness  
between the  housing and the s c r o l l  f langes  (369745). A compromise 
value of the clearance was e s t ab l i shed  a t  0.010- t o  0.012-inch. 
From an aerodynamic cons idera t ion ,  a zero  c learance  would be 
optimum, howevery a c learance  of 0.002 inches per  inch of wheel 
diameter can be u t i l i z e d  without  s e r i o u s  performance penal ty .  From 
a mechanical cons idera t ion ,  i t  i s  advantageous t o  maintain l a rge  
c learances  so tha t ,  wi th  r o t o r  r a d i a l  and a x i a l  displacement due 
t o  tolerance s tackup and f l e x i b l e  bear ing displacements,  the r o t o r  
does no t  r u b  on the shroud. Sea l ing  a t  the shim i s  accomplished 
APS-5108-R 
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with two O-rings (369813). Bolt  f langes  a t  the turb ine  s c r o l l  
i n l e t  and exhaust p e r m i t  adaptat ion of appropr i a t e  duct ing 
(369810 and 369811). 
f o r  mounting the turb ine  research package t o  the t e s t  s tand  
bed p l a t e .  
A r i g i d  mounting base (369752) provides 
Figures  32, 33, and 34 a r e  photographs of t h e  turb ine  
research package, Ser ia l  No. P-B, p r i o r  to  shipment. 
Drawing 369720 shows three  v iews  of the u n i t ,  along with p e r t i -  
nent  package dimensions f o r  i n s t a l l a t i o n  purposes.  
a summary of  the p a r t s  f o r  the turb ine  research  package. 
Out l ine  
Table 4 i s  
3.4.2 Ins  trumenta t ion 
Provisions were made for  incorpora t ing  c e r t a i n  i n s  trumenta- 
t i o n  on the turb ine  research package a s  follows: 
Four s t a t i c  pressure taps,  90' a p a r t ,  one-half  
duct  diameter downstream of the s c r o l l  i n l e t  
f lange  . 
Two t o t a l  p re s su re - to t a l  temperature t aps ,  90' 
a p a r t ,  one-half  inch downstream of the s t a t i c  
pressure t aps .  
Five s t a t i c  pressure t a p s  a t  four  cross-channel  
pos i t i ons  across  the nozzle e x i t .  
Three I.C. thermocouples loca ted  on the ou te r  
race  of each b a l l  bear ing.  
On the f i r s t  u n i t ,  S e r i a l  No. P-A, u n d r i l l e d  bosses were 
provided f o r  Items ( a )  , ( b ) ,  and ( c ) .  
S e r i a l  No. P-B, w a s  provided wi th  instrumentat ion as shown 
i n  Figures 33 and 34 .  
The second shipping u n i t ,  
NASA TURBINE RESEARCH PACKAGE 
FIGURE 32 
MP-6243 
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INSTRUMENTED 
MP-6244 
NASA TURBINE RESEARCH PACKAGE 
FIGURE 33 
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HP-6245 
NASA TURBINE RESEARCH PACKAGE 
FIGURE 34 
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TABLE 4 
NASA TURBINE RESEARCH PACKAGE 
DRAWING AND P A R T S  LIST 
DRAWING OR 
PART NUMBER 
369720 
369721 
369722 
369723 
369724 
369726 
369727 
369728 
369729 
369732 
369733 
3697 34 
369735 
369737 
3697 38 
369743 
369744 
369745 
369746 
369752 
369753 
3698 1 1 
369813 
111917 
358313 
358319 
358320 
358321 
369725 - 2 
369810 
MS16555-617 
MS16555-625 
~ ~ 1 6 5 5 5  -644 
Ms16555 -646 
MS21045-C5 
~S24673-2 
MS24673-5 
~S24630-2 
MS29561-015 
US29561-235 
TITLE 
Turbine Outline,  Test, Brayton Cycle 
Turbine Assembly, Main 
Housing Assembly, Main 
Spacer 
Nozzle, Turbine 
Turbine Nozzle and S c r o l l  Assembly 
Wheel Assembly 
Carr ie r ,  Seal 
Nozzle Assembly, O i l  
Spacer, Labyrinth (Optional)* 
Spacer, Bearing 
Mount, Bearing, Resil ient 
Car r ie r ,  Bearing 
Carr ie r ,  Bearing 
Carr ier  Assembly, Labyrinth Seal (Optional)  
Carr ier  Assembly, Carbon Seal 
Shim, Bearing Carrier 
Shim, Seal 
Shim, Sealing Spacer 
Shaft, Quill** 
Shaft Assembly, Mounting 
Seal Assembly, Carbon 
Flange, Turbine Inletx* 
Flange, Turbine Outlet** 
Seal, 0-Ring 
Spring , C ompress ion 
Ball, Single Row, Angular Contact 
Seal, A i r - O i l  
Seal, Argon, Oil-Metal Bellows (Optional)  
Seal Set,  G a s - O i l ,  Matched 
COMMERCIAL PARTS 
Pin 
Pin 
Pin 
Pin 
Nut 
Screw 
Screw 
Type 'IF" Screw 
0 -Ring 
0-Ring 
USED ON 
369721 
369725 
369721 
369721 
369721 
369721 
369721 
369721 
369721 
369721 
369721 
369721 
369721 
3697 53 
369721 
369721 
369721 
369721 
369721 
369721 
369721 
369721 
369721 
369721 
369721 
369753 
369722 
369722 
369726 
369752 
369721 
369721 
369721 
369721 
369721 
369721 
NUMBER 
REQUIRED 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
A s  required 
A s  required 
1 
1 
1 
1 
1 
1 
1 
1 
2 
1 
1 
1 
2 
3 
3 
2 
12 
12 
4 
2 
2 
1 
" P a r t i  marked (opt iona l )  may be used as an a l t e r n a t e .  
+*These par t s  a r e  shipped loose to  the customer. The flanges a r e  t o  be welded i n t o  the 
customer's i n l e t  and exhaust ducting. 
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A DIVI.IOY O r  T * C  O A I R C I T  D O I P O R A T I D U  
C"OLN8X AI12OHA 
DRAWING OR 
PART NUMBER 
AN3CHg 
ANSC - 1 2  
AN6CHlOA 
AN816-5-4s 
AN960C616 
S8152AT101-0-120 
S8152AT101-0-220 
882528040-0-310 
362-506-9012 
5 25 - 577 - 9006 
TITLE 
Screw 
Screw 
Screw 
Conne c t o  r 
Washer 
USED ON 
369721 
369721 
369721 
369728 
369721 
Pin 369734 
Diam - 0,0469 
Material:  SAE 4340 Hardnerr - Rc 40 
Diam - 0.0469 
Length I 0.220 
Material! SAE 4340 Hardnerr - Rc 40 
Bogh and chamfered 
Length - 0,120 45 x 0.008 
Pin 369733 
Both end8 chamfered 
45' x 0.008 
Pin 369738 
P in  369737 
Diam I 0.2032 Both end8 chamfered 
Length - 0.590 
Mat r r i r l i  321 Crer Conditioni A r n n r r l r d  
45' x 0.015 
S tee l  
Pin 369728 
Dirm 0.2500 Bokh and8 chrmfrrrd 
Material:  321 Crer Condition: A r n n r r l r d  
Length - 0.310 45 x 0.025 
S tee l  
Plr t a  Iden t i f  i c r  t i on  369721 
Thicknrrr: 0,016 Conditioni 1/a hard 
Material: 301 Crrr 
S tea l  
Grrket - & t a l  0-Ring 3697a1 
1/16-inch tube, 0.010-inch wal l  
Rin OD .I 0.502 inch 
Venior: The D.S.D. Manufacturing Company 
Hamden, Connecticut 
Fed Sup Code 97968 
Vendor Part  No. A0500C-AC 
" B E R  
REQUIRED 1 
6 
12 
4 8 
1 
1 4 1 
1 1 
a 
z P 
1 1 
1 1 
a 
N u t ,  Self-Locking, Round, Bearing Retaining 369721 
Nominal OD P 1 9/16 inch 
Vendor: Shur-Lok Corporation 
Anaheim, Cal i fornia  
Fed Sup Code 9739 
Vendor Part  No. S&8N05C 
Casket - Metal 0-Ring 
3/32-inch tube, 0.010-inch wall  
Ring OD = 5.252 inch 
Vendor: The D.S.D. Manufacturing Company 
Hamden, Connecticut 
Fed Sup Code 97968 
Vendor Part  No. C5250C-AC 
369721 1 
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3.4.3 Inspec t ion  
Inspec t ion  of the turbine research  package p a r t s  and f i n a l  
assembly were i n  accordance with the qua l i ty -assurance  program 
a s  ou t l ined  i n  AiResearch Report RC-5130-R. 
the C r i t i c a l  P a r t  Inspect ion and S e r i a l i z a t i o n  Record f o r  both 
turb ine  wheels.  
Assembly Inspec t ion  and Laboratory Trave ler  f o r  the two turb ine  
r e sea rch  packages. A s  can be seen from these f i g u r e s ,  the 
f i r s t  shipping u n i t  w a s  s t a r t e d  three  times and ran a t o t a l  
of 5 hours f o r  the acceptance t e s t .  The second u n i t  was s t a r t e d  
and r a n  f o r  a t o t a l  of 5 hours and 17 minutes f o r  i t s  acceptance 
t e s t .  Following completion of the acceptance t e s t ,  the  ac-  
ceptance tag  w a s  completed as  shown i n  Figure 38. 
Figure 35 shows 
Figures 36 and 37 show both s i d e s  of the 
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TURBINE RESEARCH PACKAGE 
S E R I A L  NO. P - A  
* CRITICAL PART INSPECTION AND SERIALIZATION RECORD 
* CORM P 2 7 4 1 - F  
Foring/Casting No. I C/L I Serial Number I O.S. GROWTH DATA I Machined Part No. 
1 I I +Mach.Part I Part No. Changes Mfg. No. I 
T U R B I N E  RESEARCH PACKAGE 
F I G U R E  35 
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4 . 0  TURBINE TESTING 
4 . 1  Test S e t 2  
The turb ine  research  packages were t e s t e d  i n  t h e  AiResearch 
turbomachinery t e s t i n g  f a c i l i t y  i n  Phoenix, Arizona. The tes t  
setup i s  shown schematical ly  below: 
A I R  SUPPLY 
FLOW MEASURING 
INLET TEMPERATURE 
TOTAL AND STATIC 
PRESSURE 
A I R  TURBINE MOTOR XIT TEMPERATURE 
(REVERSE ROTATION STATIC PRESSURE 
TO ACT AS LOAD) 
Compressed a i r  was supplied t o  t h e  t es t  tu rb ine  from t h e  
p l an t  a i r  system l i n e s .  An a i r  t u rb ine  motor, d r iven  i n  
reverse ,  was used t o  load t h e  tes t  tu rb ine .  Figure 39 shows 
the  turbine r e sea rch  package, S e r i a l  No. P-A, mounted i n  the  
t e s t  setup.  
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m-5697 
TURBINE RESEARCH PACKAGE 
I N  TEST SETUP 
FIGURE 39 
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4 .2  Development Test 
The development t e s t  cons i s t ed  of determining the  amount 
of exducer cutback requi red  t o  ob ta in  a minimum a x i a l  s w i r l  
of t he  turbine discharge gas .  Af t e r  i n s t a l l a t i o n  of t h e  r e sea rch  
package i n t o  the  t e s t  setup,  i n i t i a l  performance checks were 
accomplished and t h e  amount of discharge s w i r l  measured. 
40 shows the  performance measured during the  t e s t .  The average 
s w i r l  was zero and, t he re fo re ,  no exducer cutback was r equ i r ed .  
Figure 
4 .3  Acceptance Tests 
4 . 3 . 1  Test Requirements 
The turb ine  acceptance tes t s  w e r e  performed i n  accordance 
wi th  Contract NAS 3-2778 Spec i f i ca t ion ,  A r t i c l e  V ,  paragraph A .  
Acceptab i l i ty  was demonstrated by meeting a t h r e e - p a r t  r e q u i r e -  
ment : 
( a )  The research  package must conform t o  drawing 
de f i n i  t ion .  
( b )  The research  package must be run a t  design speed 
f o r  5 hours.  
( c )  A t  t he  conclusion of 5 hours of opera t ion ,  t h e  
pa r t s  must not  show any i n d i c a t i o n  of damage 
or  have demonstrated excess ive  v i b r a t i o n  during 
opera t ion .  
The acceptance t e s t s  were performed on each of t h e  two 
tu rb ine  research packages. 
proved by r ep resen ta t ives  from NASA L e w i s  Labora tor ies .  
The t e s t s  w e r e  witnessed and a p -  
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The turbine acceptance tests were completed without inci- 
dent. Although performance demonstration was not required, 
measurements were required to establish steady-state operation 
and control during tests. From these measurements, turbine 
performance calculations are possible. Figures 41, 42, and 43 
show the test cell log sheets for the acceptance tests on the 
research packages, Serial No. P-A and P-B, respectively. Fig- 
ure 44 shows the data log sheets for both acceptance tests. 
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4.3.2 Test Results 
1 
I 
8 
I 
I 
NOTES 800 rol)m m 0 0 ~ 8  NO. rmam ..I Aycco AiResearch Manufacturing Company of Arizona Page N o , A a o f -  
QUALIFICATION TEST LOG 1 
--I LW.0. HO.&&QZL% -/L-D.To 5 I Date 2 - 20 - 6 V I Test Cell or Slatlon No..CZ - - Assembly No. I Model No.- I Unit Serial NO. 7 
START ACCE PTANCE 
TEST, ON UNIT 
SERIAL NO. P-A 
ORIGINAL 
FIGURE 4 1  
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800 P O I Y  8 0 0 K S  NO. PBS30 X d Z  A Y U O  AiResearch Manufacturing Company of Arizona Pge I I O . ~ O I -  
I QUALIFICATION TEST LOG I 
I -- 
NOTES 
T l M t  
srmrl STOP 
Tal Type _______I led Schedule __. -1 Modifitall.. 
EVMl ! END OF 
ACCEPTANCE TEST I I 
Ref. Dah Page 
ORlQlNAL 
FIGURE 42 
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1 ON UNIT SERIAL TOTAL TIME NO. P-A 
RUN=5 h r  . 36 m i n .  
I 
1 
I 
1 
1 
I 
I 
I 
I 
1 
I 
AiResearh Manufacturing Company of Arizona Pay ~k. 7 J NOTES -- 
START ACCEPTANCE 
TEST ON UNIT 
SERIAL NO. P-B 
TOTAL TIME 
RUN=5 h r  . 17 min. 
FIGURE 43 
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NASA CONTRACTOR REPORT 
DESIGN AND DEVELOPMENT OF A HIGH-PERFORMANCE 
BRAYTON-CYCLE COMPRESSOR RESEARCH PACKAGE 
A i R e s  e a r  ch Manufacturing Company of Arizona 
ABSTRACT 
I n  t h i s  development program, advanced aerodynamic design 
procedures were used t o  design a h igh-ef f ic iency  r a d i a l  compressor 
f o r  opera t ion  on monatomic gases.  The compressor research pack- 
age c o n s i s t s  of a 6-inch-diameter compressor wheel and s h a f t  
mounted on b a l l  bear ings and the a s soc ia t ed  mounting hardware. 
Following development t e s t ing ,  the f i n a l  conf igura t ion  was de- 
f ined ,  and when the  u n i t  was t e s t e d  on argon, e f f i c i e n c i e s  i n  
excess of 0.80 t o t a l - t o - t o t a l  were obtained. Addit ional  t e s t i n g  
i s  t o  be accomplished by the NASA. 
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3. BREAK ALL CORNERS AND SHARP E D G S  .OIS MAX 
MJ HANGING BURRS ALLOWED. 
2 SURFACE ROUCHNESS PER MILSTD-IO. 
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1. DIMENSIONS ARE IN INCHES. 
UMDS OTHERWISE SPECIFIED. 
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2 SURFACE ROUGHNESS PER MlLSTD-lO 
1 DIMENSIONS ARE IN INCHES 
- m/C-/-6866. NO HANGING BURRS ALLOWED 
UNL5S OTHERWISE SPECIFIED 
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3 BREAK ALL CDRNERS AND WARP EDcEs BIS WC 
NO HANGING BURRS MLOWEO 
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i .  ?ARTS ?1CKURl!D BY VZNDOR ?ART -KR SHALL BE 
ACCO?.D&NCI VITH THIS AXRESEARCH SOURCE CONTROI 
6. IDEKIIn ?LcWIRc YITH AImSEARCH ?ART M&I 
5. ALL DLSIC# AND ?ART W E R  CHMCES MUST RCCCII 
4. ONLY THE I T E M 8  U 8 T C D  ON l W I 8  D R A W I I B  AND 
A w s m c a  APPROVAL. 
A O O I L 8 8 L I  A M 0  CART NUMBERS WAVE DECN TC8l 
C N O  URlT. A 8UB8TITUTL ITEM 8WALL NOT 8 C  V I  
APPROVAL @I AIRCBCARCN. 
S MILITARY 8PARCB PACR BEARlNB8 A N 1  I N T l N O K l  
DC.CORE IM8TALLATIOM W A I N  OUT T M R  P R C 8 C R V  
L U I R I C A N Z  A F T E R  TM18 O P C R A T I O I  1 N E  - 4  I O  
BEARlW@8 DCCOYR I N T E R C W A I O C A ~ L C  UITW I Y  
C I A L  B P A I C D  P I C K  BCARIIIOB. TWCT BWOULO I 
ATleND I C C A U I C  OF TYEIR RELATIVELY mImW { 
1. 101 CCOROMT, PROOUCTION BULK PACU B C A l l R q  
l t I 8 T A L U T a R 8 .  COUUCRCIAL BPARCD P A W  BCi 
YCRCIAL 8 P A N C I  ORDERB. 
1. PRODUCTION DULK A I D  C O Y Y C I C I A L  8 P A l C 8  P I  
I SOURCE I m MGNATURES DATES 
NAME 
BEARING 
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3 P L n c a s  
TO FILL MILITART BCARIB ORDIRB. 
L l lVK U O  R R ? U C I  WIT# O P I R A T l M  
I l T l F I C A T l O l  I B  DROWaB A l D  T a l  
1 ?ROWCTlON BULR A m 0  COMMIR- 
IT BE UBKD IR I A C f O l T  I lBTALL- 
OBT. 
I A R I  P R R F I R R I O  FOR ALL C A C T O I I  
n11.8 mt Intemoco TO FILL com- 
CRITICAL ITEM 
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END PRODUCT DEPENDS ON THE IN- 
TEGRITY AND RELIAIILITY Of THIS 
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MENT Of THIS I T E M  FROM THE 
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MENDED IN COMPLIANCE WITH ASPR. 
1313. 
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0.5-L CASE TO BE CPES. 
9. UOSITIOHAC 4 GEOMETRIC TOLERANCE 
5YMBOLf PER M\L-STD-8. 
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7 MACHINED SURFACES NORMAL OR PARAUEL WITHIN 002 
PER INCH TO A M OF 012 FOR A t f f  SURFACE. 
6 MACHINED D I N  ON A COMMON CENTERLINE CONCENTRIC 
WITHIN 005 TIR, UNMACHINED D I N  W 4 C f  NTRlC WITH- 
IN 032 TIR 
ff 006 FOR ANY SURFACE. 
5. DIMENSION LIMITS HELD MI+R PLATING 
I+CHlNED FILLET RADII .030 - .OIS 
3 BREAK ALL CORNERS AND WARP 015 WAX 
2 SURFACE ROUGHNESS PER MIUTD-IO 
NO HANGING BURRS ALLOWED. 
1.  DIMENSIONS ARE IN INCHES 
UNLESS OTHERWISE SPECIFIED 
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UNLESS OTHERWISE SPECIFIED. 
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-479 SHELL LENGTH '(MAX) 
SEAL, SCHEbULE 'g. 
OPERATING CONDlTlON 
SEAL ,ARGON, OIL- 
€TAL DELLOW5 
b 
- .  
t 
SECT1 
5. DiMENSlON LIMITS HRD AFrER PLhTla 
c 
SEAL S€7,  GAS-OIL, 
MATCHED 
